This was a randomized, single-blind, single-dose, 3-arm parallel-group study. Healthy subjects were randomized to receive ABP 710 (n = 50) or infliximab reference product (RP) sourced from the United States (infliximab US; n = 50) or the European Union (infliximab EU; n = 50) 5 mg/kg intravenously over 2 hours. The primary endpoint was area under the serum concentration-time curve from time 0 extrapolated to infinity (AUC inf ) for the comparison of ABP 710 to infliximab US and infliximab EU. Secondary endpoints included safety, tolerability, and immunogenicity. AUC inf was similar across the 3 groups, showing similarity of ABP 710 to infliximab RP as well as similarity of infliximab US with infliximab EU. Geometric mean ratio of AUC inf was 0.89 between ABP 710 and infliximab US, 1.00 between ABP 710 and infliximab EU, and 1.11 between infliximab US and infliximab EU. All 90% confidence intervals of the geometric mean ratios were fully contained within the prespecified standard pharmacokinetic equivalence criteria range of 0.80 to 1.25. Treatment-related adverse events were mild to moderate and reported for 83.7%, 86.0%, and 83.7% of subjects in the ABP 710, infliximab US, and infliximab EU treatment groups, respectively; incidence of antidrug antibody rates observed across the 3 groups were similar. Results of this study demonstrated pharmacokinetic similarity of ABP 710 with infliximab RP following a single 5-mg/kg intravenous injection. The safety and tolerability of ABP 710 and infliximab RP were comparable. These results add to the totality of evidence providing further support that the proposed biosimilar ABP 710 is similar to infliximab RP. (Trial ID: ACTRN12614000903684.)
ear elimination. 2 As circulating levels of TNF-α can vary based on active disease-related inflammation, the amount of inflammation in patients could impact clearance of TNF-α-mediated mAbs. Cross-study comparisons have shown that patients with the inflammatory disease ulcerative colitis had a 45.8% faster clearance of infliximab than healthy volunteers. 3 It has also been shown that C-reactive protein (CRP), a marker of inflammation, is positively correlated with clearance of infliximab. When CRP was used as a time-varying covariate in a PK model in a population of patients with inflammatory bowel disease, results indicated that a CRP of 100 mg/L increased infliximab clearance by 21.6%. 2 Combination therapy of infliximab with drugs with immunosuppressive effects can reduce diseaserelated inflammation and TNF-α as was suggested to be a factor in the case of patients receiving azathioprine who had a 15.1% decrease in infliximab clearance. 2, 4, 5 Infliximab is not known to have any direct drug-drug interactions, and serum concentrations have been shown to be unaffected by corticosteroids, mesalamine, or sulfasalazine or anti-infectives such as ciprofloxacin and metronidazole. 6 These drugs are commonly concomitant in clinical trials of patients with rheumatoid arthritis, although concomitant dosing is contraindicated with other biological disease-modifying antirheumatic drugs and immune suppressants such as abatacept and tocilizumab or atlizumab largely because of the possibility of an increased risk of infections.
A biosimilar is a biologic that is highly similar to an approved, branded biologic reference product (RP). 7, 8 Biologics have revolutionized the treatment of autoimmune disorders; however, they are expensive options, leading to limited access to treatment. To expand access, regulatory agencies have established guidelines to provide an abbreviated development and approval pathway for biosimilars. [9] [10] [11] [12] Due to the complex nature of manufacturing biologics, biosimilars, unlike generics, are not expected to be identical to the RP. Therefore, development typically includes a stepwise approach based on the concept of totality of evidence to demonstrate similarity between the proposed biosimilar and the RP. This approach is expected to incrementally reduce the residual uncertainty with respect to biosimilarity between the proposed biosimilar and the RP. The evaluation of biosimilarity begins with demonstration of analytical (structural, functional, and physiochemical) similarity, which forms the foundation of biosimilarity. This is then followed by preclinical and clinical pharmacology evaluations, including human PK and pharmacodynamics (PD), if relevant, and finally at least 1 confirmatory comparative clinical study to evaluate efficacy, safety, and immunogenicity in a representative indication using a sensitive patient population and end points to complete the totality of evidence.
The totality of evidence for ABP 710, a proposed biosimilar to infliximab, thus far includes analytical comparisons (structural and functional) that suggest that ABP 710 is similar to the infliximab RP. ABP 710 is an anti-TNF-α mAb, which has the same amino acid sequence as infliximab RP as well as the same pharmaceutical form and dosage strength. ABP 710 is similar in secondary and tertiary structure as well as overall conformational stability. 13 The similarity of ABP 710 with infliximab RP in in vitro binding to TNF-α, neonatal Fc receptor, and Fc gamma receptor Type IIIa and in vitro effector function activity of antibody-dependent cell-mediated cytotoxicity and complement-dependent cytotoxicity has been demonstrated through multiple sensitive biological characterization assays. 13 For approval in either the United States or the European Union, the proposed biosimilar must be shown to be similar to the RP approved in the respective region. To minimize the additional development costs, regulatory agencies allow the use of foreign-sourced comparators in clinical studies based on a scientific rationale to bridge the foreign product to the one approved in the local jurisdiction. In this case, the development of this bridge requires the evaluation of the proposed biosimilar ABP 710 with RP sourced from the 2 regions for analytical (structural and functional) comparison as well phase 1 PK. This phase 1 clinical study was performed to evaluate the PK similarity of ABP 710 with infliximab RP. The primary objective of this study was to demonstrate that the PK of ABP 710 is similar to that of infliximab RP as assessed by the area under the serum concentration-time curve from time 0 extrapolated to infinity (AUC inf ); the infliximab RP was sourced from the United States (infliximab US) and the European Union (infliximab EU). The secondary objectives were to determine the safety, tolerability, and immunogenicity of ABP 710 in healthy adult subjects compared with infliximab US and infliximab EU. In addition, PK similarity was also determined between infliximab US and infliximab EU as assessed by AUC inf .
Methods Subjects
Healthy adults 18 to 45 years of age with a body mass index of 18 to 30 kg/m 2 at screening were eligible for the study. Exclusion criteria included, but were not limited to, those with a history or evidence of a clinically significant disorder that could pose a risk to subject safety or interfere with the study; history or presence of conditions known to interfere with the distribution, metabolism, or excretion of drugs; evidence of any infection (bacterial, viral, parasitic, or systemic fungal) ࣘ30 days of investigational product (IP) administration; evidence of infection requiring inpatient hospitalization or intravenous (IV) antibiotics ࣘ6 months, had tuberculosis (latent or active) ࣘ6 months of screening, or tuberculosis or fungal infection seen on chest x-ray ࣘ6 months; history of surgery or major trauma ࣘ12 weeks of screening or surgery planned during the study; reported a current malignancy or a malignancy ࣘ5 years (with the exception of surgically excised nonmelanoma skin cancer); were receiving or had received any investigational drug or device ࣘ30 days (or 5 half-lives, whichever is longer); use of any over-thecounter or prescription medications (other than vitamins, acetaminophen, and hormonal contraceptives) ࣘ14 days or 5 half-lives (whichever was longer) prior to receiving IP; all herbal medicines and supplements consumed ࣘ30 days prior to IP were reviewed; received live vaccines ࣘ1 month prior to IP or were planning to receive a vaccine during the study; had previously received infliximab or any product considered to be a biosimilar to infliximab; known or suspected sensitivity to products derived from mammalian cell lines; known or suspected sensitivity to premedication; donated blood or experienced loss of blood ࣙ500 mL during ࣘ2 months of screening; positive screen for alcohol and/or potential drugs of abuse at screening or before randomization; positive screen for HIV, hepatitis B virus surface antigen, hepatitis B core antibody, or hepatitis C virus; history of alcohol and/or substance abuse ࣘ12 months prior to screening; subjects who used ˃10 cigarettes per day ࣘ3 months or were not able to abide by the smoking policy of the site; inability or unwillingness to reside at the clinical pharmacology unit (CPU) for 3 consecutive days (2 nights); or inability to be available for follow-up assessments or protocol-required procedures.
This study was conducted in accordance with the International Conference on Harmonisation E6 Guidelines on Good Clinical Practice (CPMP/ICH/135/95). The investigators obtained Human Research Ethics Committee approval for the protocol, all protocol amendments, and the written informed consent prior to study initiation, in conformance with National Statement on Ethical Conduct in Human Research; National Health and Medical Research Council, 2007; and the Therapeutic Goods Administration publication "HRECs and the Therapeutic Goods Legislation." All subjects provided informed consent before the study. This study was conducted at 2 clinical research units in Australia ( 
Study Design
This was a randomized, single-blind, single-dose, 3-arm, parallel-group study conducted at 2 CPUs in Australia using infliximab US and infliximab EU ( Figure 1 ). Approval for this study was granted by the Human Research Ethics Committee and was conducted accordingly. The study protocol was approved by an independent ethics committee or institutional review board at each site before study initiation. A total of 150 subjects were enrolled in the study. Screening occurred ࣘ28 days before dosing. Eligible subjects were admitted to the CPU on day -1 and randomized in a ratio of 1:1:1 by the 2 regions such that the ratio of subjects to receive ABP 710 (Amgen Inc, Thousand Oaks, California), infliximab US (Remicade; Janssen Biotech, Horsham, Pennsylvania), or infliximab EU (Remicade; Janssen Biologics BV, Leiden, The Netherlands) was the same before dosing on day 1. Subjects were pretreated with an antihistamine (eg, diphenhydramine) and paracetamol 30 minutes before the start of the 5-mg/kg IV infusion over 2 hours of IP. Subjects were discharged from the CPU on study day 2 after the 24-hour postdose assessments were complete. Safety evaluations and blood sampling for PK and antidrug antibody (ADA) assessments were evaluated at postdose follow-ups. Subjects were monitored throughout the study for adverse events (AEs), clinical laboratory results, concomitant medication use, and vital signs. Samples for PK assessments were collected on day 1 (before dosing, end of infusion [approximately 2 hours]); 4, 8, 12, and 24 hours after the start of the infusion; at each return visit to the CPU (days 3, 8, 15, 22, 36, 50); and at the end of the study (day 57). Serum concentrations were determined using a validated electrochemiluminescent (ECL) assay that was fully validated for performance parameters consistent with those established for quantitative PK methods as described within the bioanalytical US Food and Drug Administration guidance document and industry literature. [14] [15] [16] This ECL assay was qualified and validated with resultant data demonstrating that it is sensitive, accurate, and robust in the quantification of all 3 test products in healthy human serum. The assay range was from 10 to 5000 ng/mL. The ECL assay method was based on the Meso Scale Discovery platform using an anti-idiotype mAb to capture ABP 710 and infliximab RP from test samples and a second ruthenium-labeled anti-idiotype to detect the bound test products. 16 Samples for ADA assessments were collected before dosing and at prespecified visits, including days 1, 15, 36, and 57. ADA status was assessed with a 2-tiered approach, including a screening assay and a confirmatory assay, using highly sensitive and drug-tolerant assays based on the Meso Scale Discovery ECL platform. 14, 17 Assays were developed and validated for each IP-ABP 710, infliximab US, and infliximab EU-and each serum sample was tested using each of these 3 assays. Samples positive for binding ADAs were subsequently tested in a corresponding ligand-binding bioassay to determine neutralizing activity against ABP 710, infliximab US, or infliximab EU. The sensitivity of the ADA detection assay was the same for both ABP 710 and infliximab. The assays were validated with a tolerance of 25 µg/mL of drug, and the highest observed maximum observed concentration (C max ) in this study was <6.0 mg/mL. Drug interference was thus not expected from the collected samples. The neutralizing antibody cell-based bioassay was expected to detect all classes of antibodies that inhibit the biological activity of the drug. 14, 17 
Safety Evaluation
Safety and immunogenicity of ABP 710 compared with infliximab were evaluated through descriptive summaries of AEs, concomitant medications, and incidence of ADAs.
Statistical Methods
Approximately 150 healthy adult male and female subjects were planned to be enrolled in this study. The PK parameter population consisted of all subjects with an evaluable infliximab RP or ABP 710 serum concentration-time profile; this population was used for the primary analysis of PK equivalence. The safety analysis set consisted of all subjects who received any amount of IP.
PK parameters were calculated using noncompartmental methods and actual sampling times (Phoenix WinNonlin Professional Network Edition, Version 6.3; Pharsight Corp, St Louis, Missouri) for all subjects with an evaluable infliximab RP or ABP 710 serum concentration-time profile. PK similarity was assessed by comparing the 90% confidence intervals (CIs) for the geometric mean (GM) test-to-reference ratios (GMR) for AUC inf , maximum concentration (C max ), and AUC from time 0 to time of last measurable concentration (AUC last ) with the protocol-specified bioequivalence criteria of 0.80 and 1.25. Prior to statistical modeling, PK parameters were log-transformed. Point estimates and 90%CIs for the mean difference in logarithmic PK parameters were estimated using an analysis of variance model for comparisons of ABP 710 and infliximab US and infliximab EU. Point estimates and 90%CIs for GMRs were then calculated by transforming back to the original scale. Serum concentrations and PK parameters were also summarized using descriptive statistics by treatment group.
Subgroup/sensitivity statistical analyses were predetermined and performed on the PK parameter population. Serum ABP 710 and RP concentrations and PK parameters were summarized descriptively, with PK parameters derived using an analysis of variance model including treatment alone. Within the subgroup of binding ADA-negative subjects, AUC inf , C max, and AUC last were summarized and compared between groups.
Results

Subject Disposition and Characteristics
Subject disposition is summarized in Figure 2 . A total of 149 subjects were enrolled and randomized; 49 subjects were dosed with ABP 710, 50 with infliximab US, and 49 with infliximab EU. There were 7 subjects who did not complete the study. Reasons for early discontinuation included withdrawal of consent, lost to follow-up, and 1 discontinuation at the request of the physician before the subject received any dosing. A summary of baseline characteristics is provided in Table 1 . Baseline characteristics were comparable between treatment groups.
Pharmacokinetics
Pharmacokinetic results are shown in Table 2 and Figure 3 . The mean serum concentration-time profiles after a single 5-mg/kg IV infusion over 2 hours of ABP 710, infliximab US, or infliximab EU were similar among the 3 groups. Peak concentrations were observed with a median of 2 to 3 hours following the end of infusion, after which concentrations declined in a monophasic manner with the half-life and standard deviation of 304.92 hours (135.51), 331.76 hours (144.30), and 304.64 hours (141.42) for ABP 710, infliximab US, and infliximab EU, respectively. The GMs of PK parameters after a single dose were similar among the 3 groups. Likewise, both peak and overall exposures, as well as the time to reach maximum (peak) plasma concentration following drug administration were similar across the 3 treatment groups. Following a single dose, the GMs of AUC inf and C max for ABP 710 were 33 532.8 µg · h/mL and 128.14 µg/mL. The GMs of AUC inf and C max for infliximab US were 39 756.2 µg · h/mL and 131.90 µg/mL. The GMs of AUC inf and C max for infliximab EU were 35712.2 µg · h/mL and 125.48 µg/mL. Ratios of adjusted least-squares (LS) GMs (90%CIs) between ABP 710 and infliximab US for AUC inf and C max were 0.89 (0.812-0.985) and 0.97 (0.917-1.030). Ratios of adjusted LS GMs (90%CIs) between ABP 710 and infliximab EU for AUC inf and C max were 1.00 (0.904-1.096) and 1.02 (0.962-1.083). The 90%CIs for the ratios of LS GMs of AUC inf , C max , and AUC last were fully contained within the 0.80 to 1.25 interval for which bioequivalence was evaluated in this average bioequivalence approach, thus confirming PK similarity between ABP 710 and infliximab RP. Because this was not an average bioequivalence and not a typical approach, the interval does not need to include one. The 90%CIs for the ratios of LS GMs of AUC inf , C max , and AUC last for infliximab US and infliximab EU were also fully contained within the 0.80 to 1.25 interval for which bioequivalence was evaluated, thus confirming PK similarity between infliximab US and infliximab EU.
Safety
A summary of AEs is shown in Table 3 . The most frequent treatment-emergent AEs (TEAEs) included somnolence, headache, nasopharyngitis, upper respiratory tract infection, nausea, and lethargy. The majority of TEAEs were mild or moderate. There were no deaths, serious AEs, or TEAEs leading to discontinuation from the study. The incidence of TEAEs was similar in the 3 treatment groups (ABP 710, 83.7%; infliximab US, 86.0%; infliximab EU, 83.7%).
Immunogenicity
There were no preexisting binding or neutralizing ADAs at baseline. All samples were tested against ABP 710, infliximab US, and infliximab EU. The ECL assay sensitivity for binding ADAs was <100 ng/mL for ABP 710, infliximab EU, and infliximab US screening and specificity assays. ADAs developed by day 15 in some subjects and increased through day 57, reaching 19 of 48 (39.6%) for ABP 710, 16 of 50 (32.0%) for infliximab US, and 13 of 48 (27.1%) for infliximab EU (Table 4 ). Neutralizing ADAs developed by day 36 in some subjects and persisted through day 57, while 6 of 48 (12.5%) subjects dosed with ABP 710, 5 of 50 (10.0%) subjects dosed with infliximab US, and 9 of 48 (18.8%) subjects dosed with infliximab EU tested positive for the development of neutralizing ADA. PK parameters were similarly affected by binding ADA status for the 3 treatments. Statistical analysis confirmed that there was no interaction of treatment and binding ADA status on infliximab clearance (CL) and half-life. The percent change in CL and half-life for ABP 710 (33.9% and -55.5%, respectively) compared with infliximab EU (28.4% and -68.4%, respectively) and infliximab US (40.0% and -53.7%, respectively) ( Table 5 ) was not statistically significant. In addition, there was no interaction of treatment and neutralizing ADA status on infliximab US CL. The percent change in CL for infliximab US (68.0%) compared with ABP 710 (43.5%) and infliximab EU (42.2%) ( Table 6) was not statistically significant.
Discussion
Analytical results indicate that ABP 710 is analytically similar to both infliximab US and infliximab EU. ABP 710, infliximab US, and infliximab EU have similar potency, in vitro binding to TNF-α, Fc neonatal receptor, and Fc gamma receptor Type III, and in vitro effector function activity of antibody-dependent cell-mediated cytotoxicity and complement-dependent cytotoxicity. 13 This study was designed to evaluate the PK similarity of the proposed biosimilar ABP 710 with infliximab RP. The study also evaluated the safety, tolerability, and immunogenicity of ABP 710 compared with infliximab RP when given to healthy subjects. This study was conducted in healthy subjects to provide a homogenous population for sensitive PK comparisons. A dose of 5 mg/kg provided sufficient exposure to accurately evaluate the PK in healthy subjects within the dose range with linear kinetics (3-20 mg/kg). A dose of 5 mg/kg is the maximum dose for most indications of the RP. 9 This study design met US Food and Drug Administration and European Medicines Agency guidelines contributing to the development and approval of biosimilar agents. 9, 10, 18 The stepwise developmental approach is designed to determine the similarity of the proposed biosimilar to the RP with respect to analytical (physicochemical, structural, and functional) characteristics, PK profile and clinical efficacy, safety, tolerability, and immunogenicity. The results of analytical and functional similarity evaluations of ABP 710 and infliximab have been reported previously. 13 The results of this study further support that ABP 710 is similar to infliximab by demonstrating equivalence of ABP 710 to infliximab with respect to the PK profile.
Results of this phase 1 study demonstrate PK similarity between ABP 710 and both infliximab US and infliximab EU for the primary PK end point AUC inf following a single 5-mg/kg IV infusion in healthy subjects. PK similarity was also demonstrated for the primary PK end point AUC inf for the comparison of infliximab US to infliximab EU. In addition to the primary end point, PK similarity was also demonstrated for the secondary PK end points (AUC last and C max ) for the comparison of ABP 710 to both infliximab US and infliximab EU and for the comparison of infliximab US to infliximab EU. For all PK parameters, the 90%CIs of GMR were contained within the prespecified standard equivalence margin of 0.8 to 1.25. The safety and immunogenicity profiles were similar among the treatment groups. The safety profile is consistent with what is known about infliximab, and no new or unexpected safety signals were noted.
Conclusions
In conclusion, in this phase 1 study, after a single 5-mg/kg IV dose, the PK of ABP 710 was similar to that of infliximab US and infliximab EU. The safety, tolerability, and immunogenicity were also similar. In addition to the results of structural and functional characterization, these results provide further support that the proposed biosimilar ABP 710 is highly similar to infliximab RP.
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